We study the D-wave charmed baryons of SU (3) flavor3F using the method of QCD sum rules in the framework of heavy quark effective theory. We find that the Λc(2880), Ξc(3055) and Ξc(3080) can be well described by the D-wave SU (3)3F charmed baryon multiplets of J P = 3/2 + and 5/2 + , which contain two λ-mode orbital excitations, i.e., the Λc(2880) has J P = 5/2 + , and the Ξc(3055) and Ξc(3080) have J P = 3/2 + and 5/2 + , respectively. Our results also suggest that the Λc(2880) has a partner state, the Λc(3/2 + ) of J P = 3/2 + . Its mass is around 2.81
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+0.33
−0.18 GeV, and the mass difference between it and the Λc(2880) is 28 +45 −24 MeV. We also evaluate the masses of their bottom partners.
I. INTRODUCTION
In the past years important experimental progresses have been made in the field of charmed baryons. All the 1S charmed baryons have been well established [1] . Moreover, the 1P states Λ c (2595), Λ c (2625), Ξ c (2790) and Ξ c (2815) have also been well observed and complete two SU (3) flavor3 F multiplets of J P = 1/2 − and 3/2 − [2-5]. Besides them, there still exist many higher states, i.e., the Λ c (2765) (J P =? ? ) [6] , the Λ c (2880) (J P = 5/2 + ) [6], the Λ c (2940) (J P =? ? ) [7, 8] , the Σ c (2800) (J P =? ? ) [9] , the Ξ c (2930) (J P =? ? ) [10] , the Ξ c (2980) (J P =? ? ) [11, 12] , the Ξ c (3055) (J P =? ? ) [13, 14] , the Ξ c (3080) (J P =? ? ) [11] , and the Ξ c (3123) (J P =? ? ) [13] . Some of them may belong to the 1P SU (3) flavor 6 F multiplets, while some of them are good D-wave charmed baryon candidates. Especially, in this paper we shall concentrate on the Λ c (2880), Ξ c (3055) and Ξ c (3080), which were proposed (or detailly discussed) in Refs. [15] [16] [17] to be 1D charmed baryons of the quantum numbers J P = 5/2 + , 3/2 + and 5/2 + , respectively. More assignments can be found in Refs. [18] [19] [20] [21] [22] , and we refer to reviews [17, 23] for their recent progress.
The charmed baryons have been investigated using many phenomenological methods/models in the past two decades, including various quark models [24] [25] [26] [27] [28] , the combined expansion in 1/m Q and 1/N c [29] , the hyperfine interaction [30, 31] , the Feynman-Hellmann theorem [32] , the variational approach [33] , the unitarized dynamical model [34] , the extended local hidden gauge approach [35] , the unitarized chiral perturbation theory [36] , and the Lattice QCD [37] [38] [39] , etc. Their pionic decays and related pion induced reactions have also been studied in Refs. [21, 40, 41] . See reviews in Refs. [42] [43] [44] [45] .
We have also systematically studied the charmed baryons, i.e., the S-wave bottom baryons [46] , the P -wave charmed baryons [47] , and the P -wave bottom baryons [48] , using the method of QCD sum rules [49, 50] in the framework of heavy quark effective theory (HQET) [51] [52] [53] . This scheme has been successfully applied to study heavy mesons and baryons containing a single heavy quark , while other studies using the method of QCD sum rules but not in HQET can be found in Refs. [77] [78] [79] [80] [81] [82] .
In this paper we study the D-wave charmed baryons of SU (3) flavor3 F (Λ c , Ξ c ) using the method of QCD sum rules within HQET. This paper is organized as follows. First we systematically construct the interpolating currents for the D-wave charmed baryons in Sec. II. Then we select some of them to perform the QCD sum rule analysis at both the leading order in Sec. III and the order O(1/m Q ) in Sec. IV. During the calculations, we shall take the O(1/m c ) corrections (m c is the heavy quark mass) into account, and extract the chromomagnetic splitting. In Sec. V we perform numerical analyses and discuss the obtained results. A short summary is given in Sec. VI.
II. INTERPOLATING FIELDS FOR THE P -WAVE CHARMED BARYON
The charmed baryons of P -and D-waves have been systemically classified in Ref. [83] , where their strong decays were systematically investigated using the 3 P 0 model. The P -wave charmed baryon interpolating fields have been systematically constructed in Refs. [47, 48] using the same notations, i.e., l ρ denotes the orbital angular momentum between the two light quarks and l λ denotes the orbital angular momentum between the charm quark and the twolight-quark system.
In this paper we follow the same approach of Refs. [47, 48] , and construct the D-wave (L = 2) charmed baryon interpolating fields. We use the notation J α1···α j−1/2 j,P,F,j l ,s l ,ρρ/λλ/ρλ to denote the D-wave charmed baryon interpolating field having the total angular momentum j and parity P , and belonging to the spin doublet [F, j l , s l , ρρ/λλ/ρλ]. Here F denotes the SU (3) flavor representation, either3 F or 6 F ; j l and s l denote the total angular momentum and spin angular momentum of the light components; [ρρ] denotes l ρ = 2 and l λ = 0, [λλ] denotes l ρ = 0 and l λ = 2, and [ρλ] denotes l ρ = 1 and l λ = 1. We have the relations L = l λ ⊗ l ρ , j l = L ⊗ s l and j = j l ⊗ s Q , where s Q = 1/2 is the spin of the heavy quark.
We summarize all the possible configurations of the D-wave (L = 2) charmed baryons in Fig. 1 , where A and S denote the structure to be antisymmetric and symmetric, respectively. We note that the type [ρλ] (l ρ = 1 and l λ = 1) can actually have total orbital angular momenta L = 0, 1 and 2, but in this paper we only concentrate on the L = 2 for the D-wave case.
Generally, the interpolating field for charmed baryons can be written as a combination of a diquark field and a heavy quark field
where a, b and c are color indices; ǫ abc is the totally antisymmetric tensor; the superscript T represents the transpose of the Dirac indices; the matrices Γ 1,2 are Dirac matrices which describe the Lorentz structure; C is the chargeconjugation operator; q(x) denotes the light quark field at location x, and it can be either u(x) or d(x) or s(x); h v (x) denotes the heavy quark field, and we have used the Fierz transformation to move it to the rightmost place. Besides these notations, γ
v is the velocity of the heavy quark, and g α1α2 t = g α1α2 − v α1 v α2 is the transverse metric tensor. To describe the orbital angular momenta, we directly apply two derivatives containing two symmetric Lorentz indices on the light diquark field (see Refs. [47, 48, [73] [74] [75] [76] for more details) to construct the D-wave diquark fields of L = 0/1 : we do not study these two cases in this paper.
FIG. 1:
The notations for D-wave charmed baryons: 6F (S) and3F (A) denote the SU (3) flavor representations;3C (A) denotes the SU (3) color representation; s l is the spin angular momentum of the two light quarks; j l = L ⊗ s l = l λ ⊗ lρ ⊗ s l is the total angular momentum of the two light quarks.
the configuration [ρρ/λλ/ρλ]:
we do not study these cases in this paper.
In these expressions, we have used [ 2s l +1 l ρ lρ⊗s l ] to denote the spin, orbital and total angular momenta of the diquark, where l λ (the orbital angular momentum between the charm quark and the diquark) is not taken into account. Especially, [ 3 D 1/2/3 ] means l ρ ⊗ s l can be 1, 2 and 3, while [ 3 P 0/1/2 ] means l ρ ⊗ s l can be 0, 1 and 2. Based on these D-wave diquark fields, we can construct the D-wave (L = 2) charmed baryons of the configuration [ρρ/λλ/ρλ]:
• [ρρ] (l ρ = 2 (S) and l λ = 0):
(ρρ-a) [3 F , 2, 0, ρρ] with s l = 0 (A) and j l = 2. Now the diquark has color3 C (A) and flavor3 F (A), and we obtain a spin doublet (j P = 3/2 + , 5/2 + ):
where Γ α1α2,µ1µ2 t is the projection operator projecting into pure spin 2, whose explicit form is given in Appendix A.
(ρρ-b) [6 F , 1, 1, ρρ] with s l = 1 (S) and j l = 1. Now the diquark has color3 C (A) and flavor 6 F (S), and we obtain a spin doublet (1/2 + , 3/2 + ):
(ρρ-c) [6 F , 2, 1, ρρ] with s l = 1 (S) and j l = 2. Now the diquark has color3 C (A) and flavor 6 F (S), and we obtain a spin doublet (3/2 + , 5/2 + ). We failed to construct these currents because we do not know how to explicitly combine angular momenta J = 2 and J = 1 to be J = 2, i.e., how to use two symmetric indices {µ 1 µ 2 + µ 2 µ 1 } and another index µ 3 to obtain two symmetric indices {α 1 α 2 + α 2 α 1 }. To estimate the masses of these states, we shall use the currents of (ρρ-b) and (ρρ-d) as explained in Sec. VI.
(ρρ-d) [6 F , 3, 1, ρρ] with s l = 1 (S) and j l = 3. Now the diquark has color3 C (A) and flavor 6 F (S), and we obtain a spin doublet (5/2 + , 7/2 + ):
where Γ α1α2α3,µ1µ2µ3 t is the projection operator projecting into pure spin 3.
• [λλ] (l ρ = 0 (S) and l λ = 2):
(λλ-a) [3 F , 2, 0, λλ] with s l = 0 (A) and j l = 2. Now the diquark has color3 C (A) and flavor3 F (A), and we obtain a spin doublet (j P = 3/2 + , 5/2 + ):
(λλ-b) [6 F , 1, 1, λλ] with s l = 1 (S) and j l = 1. Now the diquark has color3 C (A) and flavor 6 F (S), and we obtain a spin doublet (1/2 + , 3/2 + ):
(λλ-c) [6 F , 2, 1, λλ] with s l = 1 (S) and j l = 2. Now the diquark has color3 C (A) and flavor 6 F (S), and we obtain a spin doublet (3/2 + , 5/2 + ). We failed to construct these currents.
(λλ-d) [6 F , 3, 1, λλ] with s l = 1 (S) and j l = 3. Now the diquark has color3 C (A) and flavor 6 F (S), and we obtain a spin doublet (5/2 + , 7/2 + ):
• [ρλ] (l ρ = 1 (A) and l λ = 1):
(ρλ-a) [6 F , 2, 0, ρλ] with s l = 0 (A) and j l = 2. Now the diquark has color3 C (A) and flavor 6 F (S), and we obtain a spin doublet (j P = 3/2 + , 5/2 + ):
, ρλ] with s l = 1 (S) and j l = 1. Now the diquark has color3 C (A) and flavor3 F (A), and we obtain a spin doublet (1/2 + , 3/2 + ):
(ρλ-c) [3 F , 2, 1, ρλ] with s l = 1 (S) and j l = 2. Now the diquark has color3 C (A) and flavor3 F (A), and we obtain a spin doublet (3/2 + , 5/2 + ). We failed to construct these currents.
, ρλ] with s l = 1 (S) and j l = 3. Now the diquark has color3 C (A) and flavor3 F (A), and we obtain a spin doublet (5/2 + , 7/2 + ):
We note that all these interpolating fields have been projected to j =
2 . Identical sum rules can be obtained using either J
j l +1/2,P,F,j l ,s l ,ρρ/λλ/ρλ in the same doublet, both at the leading order and at the O(1/m Q ) order [60] [61] [62] 64] . Hence, we only need to use one of them to perform QCD sum rule analyses.
There are altogether five baryon multiplets of SU (3) flavor3 
III. SUM RULES AT THE LEADING ORDER
In the previous section we have partly classified the D-wave charmed baryon interpolating fields, and in this and next sections we use them to further perform QCD sum rule analyses. When classifying these fields, we have taken into account their inner structures by fixing their inner quantum numbers j l , s l , l ρ , and l λ . Although the physical state is probably a mixed state containing components with various inner quantum numbers, at the beginning we can always assume the state |j, P, F, j l , s l , ρρ/λλ/ρλ exists, which has the quantum numbers j, P , F and the inner quantum numbers j l , s l , and [ρρ/λλ/ρλ] in the m Q → ∞ limit. It belongs to the spin doublet of the spin j = j l ⊗ s Q = j l ± 1/2 with [F, j l , s l , ρρ/λλ/ρλ], and coupled by the interpolating field J
where f F,j l ,s l ,ρρ/λλ/ρλ is the decay constant, and u α1···αj is the relevant spinor. For examples, u(x) and u α (x) are the Dirac and Rarita-Schwinger spinors, respectively. Then the two-point correlation function can be written as
where ω is twice the external off-shell energy, ω = 2v · k, and S[· · · ] is used to denote symmetrization and subtracting the trace terms in the sets (α 1 · · · α j−1/2 ) and (β 1 · · · β j−1/2 ). The leading term Π F,j l ,s l ,ρρ/λλ/ρλ (ω) has been totally symmetrized and only contains the highest spin j component, while · · · contains other spin components. We note that we have omitted the quantum numbers j and P simply because the two currents in the same doublet give identical sum rules at the leading order in the heavy quark limit. At the hadron level the correlation function (24) can be simply written as
where Λ F,j l ,s l ,ρρ/λλ/ρλ is the difference between the mass of the lowest-lying heavy baryon state and the heavy quark mass:
At the quark and gluon level the correlation function (24) can be evaluated using the method of operator production expansion (OPE) [60] [61] [62] 64] . Using J α 3/2,+,Λc,2,0,λλ and J α 3/2,+,Ξc,2,0,λλ as examples, we insert Eqs. (20) and (21) into Eq. (24), perform the Borel transformation, and then obtain
Sum rules for other currents are shown in Appendix B. We note that in our calculations we have used the software Mathematica with a package called F eynCalc [84] . The condensates and other parameters contained in these sum rules take the following values [1, 60-62, 64, 85-92] :
Finally, we differentiate Log[Eq. (26) ] and Log[Eq. (27) ] with respect to [−2/T ] to obtain Λ F,j l ,s l ,ρρ/λλ/ρλ :
which can be further used to obtain f F,j l ,s l ,ρρ/λλ/ρλ :
There are two free parameters in Eq. (29), the Borel mass T and the threshold value ω c . We have three criteria to constrain them. The first criterion is to require the high-order corrections to be less than 10%:
where Π high-order F,j l ,s l ,ρρ/λλ/ρλ (ω c , T ) is used to denote the high-order corrections, for example,
The second criterion is to require the pole contribution (PC) to be larger than 10%:
Altogether we obtain an interval T min < T < T max for a fixed threshold value ω c . The small pole contribution used in Eq. (33) is mathematically due to the large powers of s in the spectral function, which makes the suppression of the Borel transformation on the continuum not so effective. For example, see Ref. [93] where the pole contribution of the d * (2380) is only about 0.0002 due to the large power of s in its spectral function. However, actually we do not need a pole which is significant in the whole energy space, but just need it to be dominant inside our working region. Such a pole can be found as if the mass prediction does not depend on the other free parameter, the threshold value ω c . Hence, the third criterion is to require the dependence of m j,P,F,j l ,s l ,ρρ/λλ/ρλ (mass of the heavy baryon state) on the threshold value ω c to be weak, which will be discussed in detail in Sec. V. At the same time we shall also check the dependence of m j,P,F,j l ,s l ,ρρ/λλ/ρλ on the Borel mass T . Still using the current J α 3/2,+,Λc,2,0,λλ as an example, we show the variations of CVG and PC, as defined in Eqs. (31) and (33) , with respect to the Borel mass T in Fig. 2 , and the variations of Λ Λc,2,0,λλ and f Λc,2,0,λλ with respect to T in Fig. 3 , where ω c is chosen to be 2.5 GeV. Now the Borel window is 0.331 GeV < T < 0.381 GeV, and we obtain the following numerical results: We also show the variations of Λ Ξc,2,0,λλ and f Ξc,2,0,λλ with respect to T in Fig. 4 , where ω c is chosen to be 3.0 GeV. From these figures, we find the Borel window 0.341 GeV < T < 0.459 GeV, and obtain the following numerical results:
f Ξc,2,0,λλ = 0.025 GeV 5 ,
where the central values are obtained by choosing T = 0.400 GeV and ω c = 3.0 GeV.
IV. SUM RULES AT THE ORDER O(1/mQ)
In this section we work up to the order O(1/m Q ) based on the HQET Lagrangian [62, 64] :
where K is the operator of nonrelativistic kinetic energy, and S is the Pauli term describing the chromomagnetic interaction:
Here
The correlation function at the hadron level, Eq. (24), can be written up to the order O(1/m Q ) as
where δm j,P,F,j l ,s l ,ρρ/λλ/ρλ is the correction to the mass m j,P,F,j l ,s l ,ρρ/λλ/ρλ , and can be evaluated using the three-point correlation functions:
where O = K or S. Based on the Lagrangian (36), these correlation functions can be written at the hadron level as
where the following definitions have been used:
Then we fix ω = ω ′ and use Eqs. (38) , (40) , and (41) to obtain
From this equation we find that only the term S (Σ F,j l ,s l ,ρρ/λλ/ρλ ) can cause a mass splitting within the same doublet. The three-point correlation functions defined in Eq. (39) can also be evaluated at the quark and gluon level using the method of operator product expansion [62, 64] . Still using the currents J α 3/2,+,Λc,2,0,λλ and J α 3/2,+,Ξc,2,0,λλ as examples, we insert Eqs. (20) and (21) into Eqs. (39) , make a double Borel transformation for both ω and ω ′ , take the two Borel parameters to be equal, and then obtain: Finally, we obtain K Λc,2,0,λλ and Σ Λc,2,0,λλ by simply dividing Eqs. (44) and (45) by Eq. (26) . Their variations are shown in Fig. 5 with respect to the Borel mass T . We find their dependence on T is weak in the Borel window 0.331 GeV < T < 0.381 GeV, and obtain the following numerical results: We also obtain K Ξc,2,0,λλ and Σ Ξc,2,0,λλ by simply dividing Eqs. (46) and (47) by Eq. (27) , and show their variations in Fig. 6 with respect to the Borel mass T . We find their dependence on T is weak in the Borel window 0.341 GeV < T < 0.459 GeV, and obtain the following numerical results: The mass curves have minimum against ωc around 2.2 GeV, where the ωc dependence of the mass prediction is the weakest. However, at this point there does not exist any non-vanishing working region of the Borel mass T . We find that there exist non-vanishing working regions of T as long as ωc ≥ 2.3 GeV, and the ωc dependence is still weak and acceptable in the region 2.3 GeV< ωc < 2.7 GeV. The results for ωc < 2.3 GeV are also shown, for which cases we choose the Borel mass T when the PC, as defined in Eq. (34), is around 10%. In the right figure, the short-dashed, solid and long-dashed curves are obtained by fixing ωc = 2.3, 2.5 and 2.7 GeV, respectively.
V. NUMERICAL RESULTS AND DISCUSSIONS
Combining the results obtained in Sec. III and Sec. IV, we obtain the masses of the heavy baryon doublet [Λ c , 2, 0, λλ] satisfying:
After inserting d 3/2,2 = 6 and d 5/2,2 = −4, we arrive at:
where Λ c (3/2 + ) and Λ c (5/2 + ) are the two baryons contained in this doublet. Clearly, the O(1/m Q ) corrections can not be neglected. Then we use the PDG value m c = 1.275 ± 0.025 GeV [1] for the charm quark mass in the MS scheme to obtain numerical results:
These values are obtained for ω c = 2.5 GeV. We change the threshold value ω c and redo the same procedures. We note that our third criterion is to require the dependence of m j,P,F,j l ,s l ,ρρ/λλ/ρλ (mass of the heavy baryon state) on this parameter ω c to be weak. Accordingly, we show the variation of m Λc(5/2 + ) with respect to ω c in the left panel of Fig. 7 in a large region 2.0 GeV< ω c < 3.5 GeV. The mass curves have minimum against ω c around 2.2 GeV, where the ω c dependence of the mass prediction is the weakest. However, at this point we apply the two criteria on the Borel mass T (see discussions in Sec. III) but can not obtain any non-vanishing working region of T . We find that there exist non-vanishing working regions of T as long as ω c ≥ 2.3 GeV, and the ω c dependence is still weak and acceptable in the region 2.3 GeV< ω c < 2.7 GeV. Hence, we choose 2.3 GeV< ω c < 2.7 GeV and 0.331 GeV < T < 0.381 GeV as our working regions, and obtain the following numerical results for the baryon doublet [Λ c , 2, 0, λλ]: 
and supports it to be a D-wave charmed baryon of J P = 5/2 + . Our result further suggests that the Λ c (2880) of J P = 5/2 + has a partner state, the Λ c (3/2 + ) of J P = 3/2 + . Its mass is 2.81
−0.18 GeV, and the mass difference between it and the Λ c (2880) is 28 +45 −24 MeV. We note that there are large theoretical uncertainties in our results for the masses of the heavy baryons, but their differences within the same doublet are produced with much less theoretical uncertainty because they do not depend much on the charm quark mass and the threshold value [47, 48] . In the left panel, the shady band is obtained by changing T inside Borel windows, which exist as long as ωc ≥ 2.4 GeV. We properly fine-tune the threshold value ωc to be around 3.0 GeV so that ωc(Ξc(5/2 + )) − ωc(Λc(5/2 + )) = 0.5 GeV, which value is the same as those used in our previous studies on P -wave heavy baryons [47, 48] . In the right figure, the short-dashed, solid and long-dashed curves are obtained by fixing ωc = 2.8, 3.0 and 3.2 GeV, respectively.
We follow the same procedures to study the baryon doublet [Ξ c , 2, 0, λλ], and show the variation of m Ξc(5/2 + ) with respect to the threshold value ω c in the left panel of Fig. 8 . Different from the case of m Λc(5/2 + ) , the mass curves do not have minimum against ω c , but the ω c dependence of the mass prediction is still not strong when ω c > 2.5 GeV where there exist Borel windows. We properly fine-tune the threshold value ω c to be around 3.0 GeV so that ω c (Ξ c (5/2 + )) − ω c (Λ c (5/2 + )) = 0.5 GeV, which value is the same as those used in our previous studies on P -wave heavy baryons [47, 48] . Together we choose 2.8 GeV< ω c < 3.2 GeV and 0.341 GeV < T < 0.459 GeV as our working regions, and obtain the following numerical results for the baryon doublet [Ξ c , 2, 0, λλ]: m Ξc(3/2 + ) = 3.04 This suggests that the Ξ c (3055) and Ξ c (3080) have quantum number J P = 3/2 + and 5/2 + , respectively, which assignments have been proposed or discussed in detail in Refs. [15] [16] [17] . 3F , 2, 0, ρρ], [3F , 2, 0, λλ], [3F , 1, 1, ρλ],  [3F , 2, 1, ρλ] and [3F , 3, 1, ρλ] . As discussed at the end of Sec. II, a) for the baryon doublet [3F , 3, 1, ρλ] containing Λc(5/2 + , 7/2 + ) and Ξc(5/2 + , 7/2 + ), we only evaluate their average masses 1 14
(6m Λc(5/2 + ) + 8m Λc(7/2 + ) ) and 1 14
(6m Ξc(5/2 + ) + 8m Ξc(7/2 + ) ); b) for the baryon doublet [3F , 2, 1, ρλ] (s l = 1 and j l = 2), we estimate their masses by simply averaging between [3F , 1, 1, ρλ] (s l = 1 and j l = 1) and [3F , 3, 1, ρλ] (s l = 1 and j l = 3). We assume that free parameters ωc in the same multiplet satisfy the relation ωc(Ξc) − ωc(Λc) = 0.5 GeV, except for the [3F , 1, 1, ρλ].
Multiplets B
ωc
Λc 2.5 0.331 < T < Ξc(3/2 + ) 3.74 
where S ′ [· · · ] is used to denote symmetrization and subtracting the trace terms in the sets (α 1 · · · α 3 ). Using this current, we can well calculate sum rules at the leading order as well as the K correction (K3 F ,3,1,ρλ ) at the order O(1/m Q ), but the S correction (Σ3 F ,3,1,ρλ ) at the order O(1/m Q ) can not be evaluated.
2. Because we failed to construct the two currents belonging to the baryon doublet [3 F , 2, 1, ρλ] with s l = 1 and j l = 2, we shall estimate their masses by averaging between [3 F , 1, 1, ρλ] (s l = 1 and j l = 1) and [3 F , 3, 1, ρλ] (s l = 1 and j l = 3), weighted by the spin-orbital splittings:
Hence, we obtain
However, their obtained results are difficult to explain the Λ c (2880), Ξ c (3055) and Ξ c (3080) at the same time:
1. The baryon doublet [3 F , 2, 0, ρρ] contains Λ c (3/2 + , 5/2 + ) and Ξ c (3/2 + , 5/2 + ). We use them to perform QCD sum rule analyses, and show variations of m Λc(5/2 + ) and m Ξc(5/2 + ) with respect to the threshold value ω c in Fig. 9 . The obtained masses are listed in Table I : Variations of m Λc(5/2 + ) (left) and m Ξc(5/2 + ) (right) with respect to the threshold value ωc, calculated using the charmed baryon doublet [3F , 2, 0, ρρ]. The shady band is obtained by changing T inside Borel windows, which exist as long as ωc ≥ 3.1 GeV (left) and ωc ≥ 3.5 GeV (right). In the left panel we choose ωc to be around 3.4 GeV, where the mass curves have minimum against it. In the right panel we properly fine-tune ωc to be around 3.9 GeV so that ωc(Ξc(5/2 + )) − ωc(Λc(5/2 + )) = 0.5 GeV.
2. The baryon doublet [3 F , 1, 1, ρλ] contains Λ c (1/2 + , 3/2 + ) and Ξ c (1/2 + , 3/2 + ). This doublet does not contain any baryon of J P = 5/2 + . We use them to perform QCD sum rule analyses, and show variations of m Λc(3/2 + ) and m Ξc(3/2 + ) with respect to the threshold value ω c in Fig. 10 . The obtained masses are listed in Table I: m Λc(1/2 + ) = 3.02
−0.14 GeV , m Λc(3/2 + ) = 3.03 
m Λc(7/2 . The shady band is obtained by changing T inside Borel windows. Although the mass curves have minimum against ωc around 2.6 GeV (left) and 3.7 GeV (right), there exist Borel windows as long as ωc ≥ 2.8 GeV (left) and ωc ≥ 3.8 GeV (right), and the ωc dependence is still weak and acceptable in the region 2.8 GeV < ωc < 3.2 GeV (left) and 3.8 GeV < ωc < 4.2 GeV (right).
and similar formulae for the Ξ c (5/2 + ) and Ξ c (7/2 + ), we can obtain 1 14 6m Λc(5/2 + ) + 8m Λc(7/2 + ) = 3.48 These values are listed in Table I , which are significantly larger than the masses of the Λ c (2880), Ξ c (3055) and Ξ c (3080). We also show their variations with respect to the threshold value ω c in Fig. 11 . GeV (left) and ωc ≥ 3.9 GeV (right), and the ωc dependence is still weak and acceptable in the region 3.4 GeV < ωc < 3.8 GeV (left) and 3.9 GeV < ωc < 4.3 GeV (right). Moreover, these two threshold values satisfy ωc(Ξc) − ωc(Λc) = 0.5 GeV.
4. The baryon doublet [3 F , 2, 1, ρλ] contains Λ c (3/2 + , 5/2 + ) and Ξ c (3/2 + , 5/2 + ). We estimate their masses by averaging between [3 F , 1, 1, ρλ] (s l = 1 and j l = 1) and [3 F , 3, 1, ρλ] (s l = 1 and j l = 3), weighted by the spin-orbital splittings, to be: Table I , which are significantly larger than the masses of the Λ c (2880), Ξ c (3055) and Ξ c (3080).
VI. SUMMARY
Summarizing all these results, we have studied the D-wave charmed baryons of SU (3) flavor3 F using the method of QCD sum rules within HQET. We have calculated their masses up to the order O(1/m Q ) with large theoretical uncertainty, and we have also calculated their mass splittings within the same doublet with much less theoretical uncertainty. Our results suggest that the Λ c (2880), Ξ c (3055) and Ξ c (3080) can be well described by the baryon doublet [3 F , 2, 0, λλ] with l ρ = 0, l λ = 2 and s l = 0: a) the Λ c (2880) has J P = 5/2 + , it has a partner state the Λ c (3/2 + ) of J P = 3/2 + with a mass around 2.81 
Multiplets B
ωc We have also evaluated the masses of the D bottom baryons of SU (3) flavor3 F . The results are listed in Table II , where we have used the pole mass of the bottom quark, i.e., m b = 4.78 ± 0.06 GeV [1]. We note again that the obtained bottom baryon masses significantly depend on the bottom quark mass, so have large theoretical uncertainty, but their splittings within the same doublet have much less theoretical uncertainty. Especially, the results obtained by using the baryon doublet [3 F , 2, 0, λλ] are We suggest to search for them in further experiments.
To end our paper, we would like to note that not only masses but also decay and production properties are useful to clarify the nature of the heavy baryons, and an experimental project of such studies is planned at J-PARC [95] . Accordingly, in the following studies we plan to study the D-wave charmed baryons of SU (3) flavor 6 F and the D-wave bottom baryons. We also plan to study decay properties of the excited heavy baryons, which can probably provide more useful information.
so it has pure spin 3/2.
The situation is much simpler for the two-point correlation function 
